Abstract. The albedo feedback is an important driver of glacier melt over bare-ice surfaces. Light-absorbing impurities strongly enhance glacier melt rates but their abundance, composition and variations in space and time are subject to considerable uncertainties and on-going scientific debates. In this study, we assess the temporal evolution of shortwave broadband albedo derived from 19 end-of summer Landsat scenes for the bare-ice areas of 39 large glaciers in the western and southern Swiss Alps. Trends in bare-ice albedo crucially depend on the spatial scale considered. No significant negative temporal trend in bare-5 ice albedo was found on a regional to glacier-wide scale. However, at higher spatial scales, certain areas of bare-ice including the lowermost elevations and margins of the ablation zones revealed significant darkening over the study period 1999 to 2016.
other parameters. We, therefore, take advantage of a digital elevation model available for all glaciers to evaluate the average albedo in elevation bands of 20 m within this critical albedo range. The transition between ice and snow is typically characterized by a distinct change in albedo (e.g. Hall et al., 1987; Winther, 1993; Zeng et al., 1983) . We thus derive an estimate of the mean snowline altitude (SLA) for each glacier and scene based on the greatest slope of the albedo-elevation profile. The albedo for this altitude is considered to be the site-and scene-specific albedo threshold discriminating snow and ice and is henceforth 5 termed α crit .
In a second step, we use the SLA and α crit as reference to evaluate the surface type within the range of critical albedo values, where there is ambiguity between snow and ice (secondary surface type evaluation, Figure 2 ). Finally, all grid cells are evaluated regarding their relative position compared to the SLA (probability test to eliminate extreme outliers, Figure 2 ). vertical distance from the SLA thus results in penalties for the likelihood of the cell within the critical albedo range of being either snow or ice. As an example, a grid cell near the glacier terminus with an albedo of 0.42, i.e. a rather high albedo for Alpine glacier ice, will be classified as ice. An albedo of e.g. 0.35 observed for the highest regions of the glacier, in contrast, will be classified as snow, as the low albedo is more likely to be explained by an erroneous albedo determination (e.g. shadows)
than by actually snow-free conditions. In summary, our procedure to distinguish between snow and bare-ice surfaces relies on 5 remotely-determined surface albedo and merges this information with surface elevation with a probability-based approach to detect outliers and to automatically adapt the classification to the site-and scene-specific conditions.
Trend analysis
Over the study period 1999 to 2016, at least one good Landsat end-of-summer snapshots was available for 15 years (cf. Table   2 ). In three years, two or three scenes at the end-of summer were available. Thus, in an ideal case the albedo trend of an of snow-covered areas in the scenes and/or sensor artefacts, less scenes were usually available to evaluate a temporal bare-ice albedo trend for single grid cells. We arbitrarily set the necessary number of scenes to 50%, thus at least ten albedo values are required for calculating the albedo trend of one individual grid cell. We used the non-parametric Mann-Kendall (MK) test (Mann, 1945; Kendall, 1975) to evaluate the confidence level of the trends (significant at the 95% / 90% / 80% level, or not significant). For grid cells with significant trends, the magnitude of the trend was determined based on linear regression through 5 all available data points. Trends are given as albedo change per decade. For some analyses, we only use trends significant at the 95% confidence level for further interpretation and exclude less significant trends. Figure 3 shows the spatio-temporal evolution of glacier-wide shortwave broadband albedo for Findelengletscher. The retrieval 10 of meaningful albedo values is restricted by the quality of the surface reflectance data and, thus, the availability of realistic values in the individual bands needed for the narrow-to-broadband conversion. For Landsat TM/ETM, a saturation problem over snow-covered areas exists, resulting in missing values for these regions (years 1999-2012 in Figure 3 ). This problem is not present in the Landsat 8 data (years 2013-2016 in Figure 3 ). The striping in the Landsat ETM data also occurs in our albedo retrievals (e.g. 09.09.2004 in Figure 3 ) and produces regions with missing data. Although, we applied a cloud removal 15 algorithm, our results are still impacted by cloud shadows that are harder to detect without manual effort (e.g. 18.08.2002 in Figure 3 ). However, the bare-ice area is almost always well represented and inferred albedo is realistic, hence allowing for a monitoring through time.
Results

Spatially distributed shortwave broadband albedo
Generally, the average albedo values for the bare-ice surfaces are rather low, ranging from 0.17 to 0.30 for individual glaciers as a mean over the entire study period. For all 39 glaciers and over the entire study period we obtained a mean bare-ice surface 20 albedo of 0.22. Extreme years with generally very high snowline altitude (2003, 2011, 2015) or very low snowline altitude (2013, 2014) are linked to summers with exceptionally long and warm or rather cold and humid weather situations, and thus strong or weak ablation, respectively (Glaciological Reports, 2017).
Regional and glacier-wide trend in bare-ice albedo
We averaged mean albedo over the entire bare-ice area for each year and glacier to obtain a 39 individual time-series for the 25 study period 1999 to 2016. In addition, the overall average series was evaluated as the mean bare-ice albedo of all glaciers and each year (Figure 4a 
Local trend in bare-ice albedo
As trends in bare-ice albedo for the entire ablation area of glaciers might be diluted by averaging over larger areas, or be affected by data uncertainty, we also evaluated the trend in albedo for all grid cells individually. For 133 km 2 (30%) of the entire surface area of all glaciers, trends were significant at the 80% level according to the MK test (Table 3) . Thereof, 16 km 2 (12%) showed trends significant at the 95% confidence level or higher. Trends were classified according to their magnitude 10 for interpretation. Our classification is shown in Table 3 . Classes with clear negative trends (class 1-3) are more abundant compared to classes with no clear or positive trends (class 4-7) at very high confidence level (95%) ( Table 3) . Thus, significant albedo trends at a confidence level of 95% in the bare-ice areas of the studied glaciers were only detected for grid cells with For most of the bare-ice area, the derived trends in albedo were only significant at low levels. Compared to the glaciers' 5 overall ablation area only relatively few grid cells with trends significant at the 95% confidence level or higher (dark blue areas in Figure 5 ) are present. The cells with significant trends at high confidence levels are usually situated at the termini or along the lower margins of the glaciers and trends are mostly negative (cf. Table 3 , Figures 5-7) . The darkening can be attributed to different causes. At the glacier termini, an accumulation of fine debris due to the deposition of allochthonous material and/or melt-out of englacial debris is most likely. These materials, together with the presence of organic material, usually dark and 10 humic substances, decrease local albedo values considerably and foster the growth of algae and bacteria (Hodson et al., 2010; Yallop et al., 2012; Takeuchi, 2013; Stibal et al., 2017) . However, many of these effects and interactions are still unclear. Along the glacier margins an increase in debris cover due to small collapses or input of morainic material and, hence, a deposition of rather thick debris on the bare-ice is possible. Moreover, the appearance of debris-rich basal ice alongside the lower glacier margins due to the general glacier recession poses a further cause of local darkening (Hubbard and Sharp, 1995; Hubbard 15 et al., 2009) . Along the central area of the glacier tongue, particularly in the vicinity of medial moraines (e.g. in the case of Gornergletscher, Figure 7 ), a strongly negative albedo trend indicates an expanding medial moraine, changing the local area
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The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-18 Manuscript under review for journal The Cryosphere Discussion started: 29 January 2018 c Author(s) 2018. CC BY 4.0 License. from clean to (partly) debris-covered ice. In contrast, we also find significant positive albedo trends for some locations on the glacier tongues (see Figure 7 ). These might be explained by the effect of glacier flow changing the position of the medial moraine, hence leading to a transition from debris-covered to clean ice with a higher albedo for certain grid cells. Lateral shifts of the position of medial moraines are possible for retreating glaciers (Anderson, 2000) .
Discussion
Uncertainty analysis
Our results are subject to uncertainties arising from errors in the input data, the albedo retrieval approach, the general data 5 processing and the availability of data. An assessment of the uncertainties stemming from the input data, such as saturation or stripping issues in Landsat TM and ETM data, as well as the performance of the narrow-to-broadband formula (Equation 1) is beyond the scope of this study. Moreover, it became clear, that the most recent Landsat 8 data provide better results for snow-covered areas compared to Landsat TM and ETM (cf. Figure 3) . However, as this study only focuses on bare-ice areas, this input data quality issue is not influencing the analysis of temporal albedo evolution. these areas. We minimized this effect by using glacier outlines updated to 2016 in order to exclude grid cells from the analysis that become ice-free towards the end of the study period.
To account for the uncertainty introduced by the temporal availability of remote sensing data we performed a comprehensive uncertainty analysis based on ten end-of summer Landsat 8 scenes acquired between 2013 and 2016 (Table 4 ). The analysis was performed for one glacier, Findelen, as most scenes were available for this glacier due to the overlapping coverage of 5 this glacier by two different Landsat scenes (path/row 194/28 and 195/28) . For the same grid cell and multiple satellite scenes acquired during the same year (1-5 weeks apart at maximum) we found an average variability in inferred albedo of 0.026 over all four investigated years (2013-2016) ( Table 4 ). Assuming that bare-ice albedo remains constant over this short time period in reality, this value provides a direct uncertainty estimate for local satellite-retrieved albedo.
To assess the impact of local albedo uncertainty on the determination and the robustness of potential temporal trends, we 
